ated with delivery of barotrauma to a group of preterm infants. Over the ensuing decades the spectrum of disease has changed and the emphasis has moved away from baro-or even volutrauma as fundamental to its etiology. Nonetheless, the etiology remains multifactorial as summarized in figure 1 . While the low gestation associated with an underdeveloped lung is the key ingredient of BPD, pathobiology is clearly aggravated by the presence of intrauterine growth restriction, supplemental oxygen exposure, pre-and postnatal proinflammatory mechanisms, and nutritional deficits compromising lung maturation and repair [2, 3] . Early evidence also points to a genetic predisposition, the basis of which still needs to be unraveled [4, 5] .
the alveolar/capillary unit and possibly abnormal lung parenchyma in the low birth weight survivors of BPD [8] . At the same time there has been increasing recognition that the epidemiology of BPD has changed considerably, placing at risk extremely low birth weight (ELBW) infants exposed to no or minimal barotrauma and to relatively low levels of supplemental oxygen over the first days of life. Such infants may develop respiratory deterioration as late as 1-2 weeks postnatally, and a proinflammatory process is often implicated in this downhill progression to BPD [9] .
The pathobiology of injury to the immature airway has taken somewhat of a backseat to unraveling the signaling pathways that regulate aberrant alveolar development. While traumatic injury to structurally immature, compliant airway structures is well described as a result of ventilator-induced lung injury, this problem is probably diminished by decreased use of intermittent positive pressure ventilation. On the other hand, asthma and wheezing disorders manifest by increased airway reactivity are the major longer-term respiratory morbidities demonstrated by former preterm infants. Lung parenchymal structures and intrapulmonary airways are anatomically closely interrelated such that parenchymal damage may decrease the tethering between airways and lung parenchyma and compromise airway caliber [10] . This review will focus primarily on the pathophysiology of lung injury as it affects airway function, recognizing that such injury may begin as early as during the fetal-toneonatal transition.
Optimizing the Fetal to Neonatal Respiratory Transition
Oxygen There is considerable current interest in enhancing an effective fetal-to-neonatal respiratory transition while avoiding short or potential longer-term injury with therapeutic interventions imposed on preterm infants. The use and abuse of supplemental oxygen immediately after birth has attracted great interest [11] . We are indebted to Saugstad and Vento for drawing attention to the hazards of supplemental oxygen at this vulnerable period in the immature infant. Hyperoxia at this time has been shown to delay the onset of spontaneous respiratory efforts and potentially lead to unnecessary subsequent interventions. More importantly, brief but excessive oxygen exposure may result in greater expression of reactive oxygen species and oxidant-induced impairment of metabolic function. This may be caused by exposure of the airway epithelium to excessive supplemental oxygen with potential adverse effects on airway-related signaling pathways. Systemic effects may also come into play as demonstrated by elevated markers of both oxidant and inflammatory stress in blood and urine of high compared to low oxygen-exposed infants [12] . A provocative single-center study demonstrated that initially high compared to low supplemental oxygen exposure after delivery may be associated with a greater need for ventilatory support and a higher subsequent incidence of BPD [12] . This has spawned a series of blinded multicenter studies to further evaluate both optimal practice (concentration of blended oxygen accompanied by pulse oximetry) and outcome (focused on BPD) with regard to initial oxygen administration for this high-risk population.
Ventilation
In the preterm infant we seek to rapidly establish an optimal functional residual capacity in order to support gas exchange without provoking a stretch-induced injurious cascade of lung injury. Recent studies have employed a fetal lamb model briefly ventilated in the absence of supplemental oxygen while exteriorized, then returned to the uterus prior to birth [13] . These data provide evidence for a proinflammatory cascade and bronchial epithelial disruption initiated by just a brief period of positive ventilation in the fetal model. te Pas et al. [14] have also employed animal models to determine the ability of ventilatory techniques to open the lungs and establish functional residual capacity. They have documented that a longer sustained inflation at birth is associated with more rapid establishment of functional residual capacity. However, the resultant rapid lung aeration and improved oxygenation must be weighed against the potential for initiating lung or airway injury.
Finally, in our attempts to minimize the need for endotracheal intubation and intermittent positive pressure ventilation, continuous positive airway pressure-based strategies have been widely studied in well-designed multicenter trials [15, 16] . It can be concluded from these studies that an initial continuous positive airway pressure-based strategy provides an effective alternative to immediate intubation and surfactant administration for many infants in the 25-28 weeks' gestation range. Unfortunately, there is currently no simple bedside test or biomarker to determine which very preterm infants are likely to succeed with a continuous positive airway pressurebased strategy and clinical judgment must prevail as excessive delay in surfactant therapy is suboptimal.
Maturation of Airway Smooth Muscle
During fetal life there is ample evidence for abundant airway smooth muscle in the developing intrapulmonary airways of both animal models and human infants [17, 18] . This airway smooth muscle layer can exhibit phasic contraction and may serve a functional role in propagation of lung fluid and resultant lung development. It may also serve to provide airway stability at a time when airways have a high compliance due to paucity of cartilaginous and other connective tissue support. During postnatal maturation, and in response to neonatal lung injury (as discussed later), this balance of airway compliance and airway smooth muscle may change, predisposing to later airway hyperreactivity ( fig. 2 ). This balance may also explain the failure of bronchodilator therapy to consistently improve lung function in preterm infants in the NICU [19] . It may be that airway smooth muscle tone is important to maintain airway caliber early in the course of BPD in these infants when there is increased airway compliance, hence a negative response to bronchodilation.
Impact of Therapeutic Approaches on Lung and Airway Function

Inhibition of Inflammatory Mechanisms
Proinflammatory mechanisms have been widely implicated in the pathogenesis of BPD [20] . This is supported by the observation that postnatal steroid therapy enhances the ability to extubate many infants with developing lung injury, although potential benefit must be weighed against the adverse neurodevelopmental side effects of such therapy. Longer-term outcome studies have focused on neurodevelopmental rather than respiratory follow-up of postnatal steroid therapy; however, if extubation is enhanced, one would expect that longer-term airway function would be improved. There is still controversy regarding optimal dosing and timing of postnatal steroid therapy, and whether reduction in its use has been associated with an increase in the incidence or severity of BPD in NICU survivors [21] . Future clinical data may provide greater detail on specific cytokine-mediated pathways in neonatal lung injury, thus providing a safer, more selective approach to therapy.
Targeting Lung Elastase
Given the functional interdependence of lung parenchyma and intrapulmonary airways, it is important to consider experimental approaches that minimize elastin degradation in the genesis of neonatal lung injury. Earlier studies in preterm infants have demonstrated imbalance in elastase/antielastase ratios associated with neonatal lung injury [22, 23] . Recent data in mechanically ventilated neonatal mice have shown that intratracheal administration of a specific lung protease inhibitor protected against neonatal lung injury induced by a combination of mechanical ventilation and high oxygen exposure [24] . This may be a mechanism for the slight decrease in BPD observed in preterm infants treated with a prolonged course of vitamin A [25, 26] . 
Caffeine Therapy
Use of xanthines (theophylline and caffeine) has been widespread for treating apnea since the 1970s. The most widely accepted mechanism of action is inhibition of adenosine receptors and resultant increase in respiratory neural output. However, xanthines also inhibit phosphodiesterase and the resultant increase in cyclic AMP may cause bronchodilation ( fig. 3 ) . Of relevance is a large multicenter trial performed in the last decade that demonstrated a decrease in the need for supplemental oxygen and mechanical ventilation in caffeine-rather than placebo-treated preterm infants [27] . Neurodevelopmental outcome at 18-21 months seems to favor caffeine therapy, although by 5 years this is no longer so [28] .
Intermittent hypoxic episodes are almost universal in preterm infants and a likely source of oxidant stress [29] . A vicious cycle of oxidant stress and proinflammatory mechanisms may contribute to lung and airway injury in this population. Therefore, antioxidant therapy might represent a novel therapeutic approach. Only one clinical trial has addressed this strategy in preterm infants [30] . Intratracheal recombinant human superoxide dismutase was administered repeatedly for up to 1 month, but did not reduce the incidence of BPD. However, there was a significant decrease in wheezing disorders and need for bronchodilator therapy in the treated group at 1 year of age. Despite this encouraging result, further clinical trials are not ongoing, in part because of limited commercial pharmaceutical interest.
Inhaled Nitric Oxide and Airway Function
Animal models of BPD have demonstrated remarkable improvement in lung function when exposed to several weeks of inhaled nitric oxide (NO) [31] . These and other data led to great enthusiasm for this therapy as a way to decrease BPD. However, a series of large well-designed multicenter clinical trials failed to demonstrate a consistent benefit from inhaled NO; a consensus statement concluded that, despite biological plausibility, available data do not support its use to prevent or treat BPD [32] . Unfortunately, there was great heterogeneity in the various trials making meta-analysis a problem. One study employing a prolonged course of initially highdose NO did demonstrate a significant increase in survival without BPD in NO-treated infants [33] . Interestingly, a follow-up study of that cohort demonstrated significantly decreased use of bronchodilator therapy in the NO-treated infants at 1 year with a number needed to treat of 6.3 [34] . These data, again, demonstrate a potentially important role of airway function to assess neonatal outcomes.
Use of Animal Models to Evaluate Longer-Term Airway Function in Response to Neonatal Interventions
One of the first documented experimental models of neonatal oxygen-induced lung injury was in mice exposed to 100% oxygen for the first 7 postnatal days; the lungs developed alveolar dysplasia and fibrosis characteristic of chronic lung disease [35] . The neonatal period is essential for lung development and several animal models have since been developed to investigate mechanisms of BPD-like lung injury, including rats, rabbits, lambs and primates [36] , focused largely on signaling mechanisms of oxygen-induced lung injury. Although a number of these animal models have been crucial to our understanding of the mechanisms of injury, there is a paucity of data on the short-(and especially long-) term effects of neonatal oxygen on control of airway tone. Earlier studies on newborn guinea pigs were amongst the first to show (in vitro) increased acetylcholine-and histamine-induced contraction of airways removed from neonates (2 days old) raised in 85% oxygen [37] . The oxygen-induced airway hyperreactivity may be independent of alveolar injury and probably depends on the severity of oxygen exposure. Even earlier studies (in vivo) also showed increased cholinergic reactivity of airways from 'juvenile' rats (21 days old) exposed to 8 days of 1 95% oxygen [38] . While the mechanisms of airway hyperreactivity are still largely unknown, evidence suggests it is related, in part, to an oxygen-induced infiltration of inflammatory cells into the airways [39] and NO-dependent impairment of airway relaxation [40] .
Experimental models that address longer-term effects of neonatal oxygen on airway hyperreactivity are scarce. The hyperresponsiveness of 'juvenile' rat pups exposed to hyperoxia failed to persist into adulthood [41] ; however, this could be a consequence of age of exposure and the greater sensitivity of an immature compared to a more mature lung to oxygen. We have exposed neonatal mice from birth to 4 days to moderate (50%) oxygen, which resulted in an increased sensitivity (assessed by respiratory system resistance) to methacholine challenge after a further 16 days of room air ( fig. 4 ) . A more recent study demonstrated a persistent effect (up to 8 weeks of age) of neonatal (age 1-4 days) oxygen (ranging from 60-100%) on airway resistance, but airway hyperreactivity was not investigated [42] . Similarly, airway resistance was also increased in newborn rats raised in 85% oxygen from birth to 14 days of age and persisted after a further 14 days in normoxia only in rats that were pretreated with lipopolysaccharide in utero [43] ; airway hyperreactivity again was not assessed. Collectively, these data suggest that although hyperoxia can elicit short-term and persistent changes in baseline airway function and respiratory mechanics, they may do so independently to the development of airway hyperreactivity. Overall, these data also emphasize an essential need for a worthy model of neonatal oxygen-induced airway hyperreactivity. Future study might focus on the relationship between airway function and structure in former preterm infants, and the alveolar simplification that is well described in infants with BPD.
Respiratory Morbidity in Former Preterm Infants
Recurrent wheezing is a common condition encountered by former preterm infants. Available data almost universally indicate a significant increased risk of developing asthma in former preterm as compared to term infants [44] . The association between preterm delivery and airway obstruction leading to the diagnosis of asthma later in life has been established, but the mechanisms underlying this association are not well understood. Multiple studies have demonstrated greater rates of recurrent wheezing associated with a history of BPD. Interestingly, late preterm birth and low-normal gestational ages may also be important risk factors for the development of persistent asthma [45] .
Lifelong consequences from early lung injury have been reported in the literature, but the evidence becomes sparse with increasing chronological age into adulthood [46] . In addition, the advent of modern management techniques (e.g. antenatal steroids, surfactant therapy) has changed the risk and character of respiratory disease, thus ultimately leading to a need for newer cohorts to evaluate airway function in preterm infants. The overall impact of newer interventions on long-term pulmonary function into adulthood is clearly an ongoing challenge.
Prenatal and Early-Life Factors on the Development of Recurrent Wheezing
Factors that predispose preterm infants to develop recurrent wheezing may occur as early as in utero ( fig. 5 ). Programming and immunologic changes determined in utero may affect the risk of developing respiratory morbidity later in life [47] . Fetal growth restriction is one such probable example in which reduced lung function in early school age may be aggravated in former preterm infants who exhibit intrauterine growth restriction [48] . Chorioamnionitis, in combination with prematurity, is another such factor that may lead to early childhood recurrent wheezing [47] .
The etiology and pathogenesis of asthma in normative populations involves both genetic risk for atopic disease and environmental exposures. Former preterm infants appear to have similar symptoms to those of term-born children with asthma, but the pathophysiology is complicated by abnormal lung development and BPD [49] . This was best demonstrated morphologically on high-resolution CT scans of the chest in young adults who were born at less than 28 weeks' gestation. Similarly to normal individuals with asthma, airway wall thickening was noted. Additionally, discrete linear or triangular opacities, together with mosaic perfusion and air trapping, were also present. These findings may represent a fixed peripheral airway narrowing [50] .
Interestingly, it appears that in former preterm adolescents, the incidence of atopy is less than in their termborn counterparts. This further raises the possibility that the phenotype of asthma may differ in former preterm infants from what is generally seen in term-born asthmatics [51] . Moreover, former preterm infants have decreased levels of exhaled NO, a marker for airway inflammation, compared to the elevated levels found with traditional asthmatics [52] .
ELBW infants who survive have higher rates of wheezing and hospital readmission for respiratory illnesses in the first few years of life than their term counterparts. Studies on term infants have shown that beyond infancy, respiratory illnesses due to respiratory syncytial virus and rhinovirus are associated with recurrent wheezing and asthma [53] . A link between viral infections (such as respiratory syncytial virus and rhinovirus) and recurrent wheezing in former preterm infants is also likely. Additionally, rhinovirus is more commonly associated with wheeze in infants with congenital small airways, such as those born preterm [53] .
Challenges in Evaluating Long-Term Outcomes in Former Preterm Infants
Asthma is defined traditionally as bronchoconstriction that is reversible, typically with bronchodilators. When determining airway function in former preterm infants, pulmonary function testing is a generally accepted measure. Alternatively, the diagnosis of asthma may be made clinically after obtaining a detailed history of symptoms and usage of asthma medications in the last 12 months. The diagnosis of asthma may or may not correlate with pulmonary function testing.
Recently, Hack et al. [54] reported the prevalence of asthma based on clinical diagnosis or supportive history alone in ELBW children at 8 years of age to be significantly greater than in normal birth weight controls (39 vs. 21%). Interestingly, the difference between these two groups was no longer significant at 14 years of age, suggesting possible symptom resolution in some of the ELBW infants.
On the other hand, in the EPICure study, Fawke et al. [49] investigated airway function by spirometry in 11-year-old former ELBW infants. This study showed impaired lung function and increased respiratory morbidity into middle childhood. These data may indicate that clinical symptoms improve gradually with advancing age during childhood, while tests of pulmonary function may or may not improve in former preterm infants. This would support the stance that the diagnosis of asthma should be documented with pulmonary function testing.
Special considerations are necessary in preterm infants with respect to preventive measures against known or suspected triggers of asthma. Former preterm infants' triggers may be different from those in the term population. Specifically, there may be less environmental allergen involvement leading to inflammatory airway constriction [51] . Furthermore, recognition of prematurity as a determinant of asthma should prompt clinicians to actively seek out signs and symptoms of reactive airway disease for faster treatment. Treatment of children born prematurely with recurrent wheezing may be challenging. For example, response to treatment with inhaled corticosteroids is less consistent than in the normative population with asthma [55] . For all these reasons, further studies that help elucidate the pathology and clinical characteristics of airway disease in former preterm infants are imperative in establishing guidelines for early intervention and treatment options, as well as outlining long-term management strategies. 
